Introduction
============

Glaucoma is a leading cause of blindness globally, and reducing intraocular pressure (IOP) is the key to glaucoma management according to several large-scale clinical trials.[@b1-opth-8-767] Among the known IOP-lowering treatments, trabeculectomy is regarded as the standard surgical modality in cases refractory to medical and/or laser treatments. Reducing the IOP is related to the formation and maintenance of filtration blebs, and filtration blebs have been assessed clinically, using many imaging methods, such as slit-lamp examination, ultrasound biomicroscopy, and anterior segment photography.[@b2-opth-8-767]--[@b7-opth-8-767] Newer imaging technologies include optical coherence tomography (OCT), which is a useful tool for investigating the characteristics of filtration blebs.[@b8-opth-8-767]--[@b12-opth-8-767] Among the clinically applied OCT devices, three-dimensional anterior segment OCT (3D AS-OCT) is useful for identifying aqueous outflow channels and determining the morphology of the entire bleb (internal and external).[@b13-opth-8-767]--[@b15-opth-8-767]

In our previous case series of patients who underwent bleb revision, we found that filtration openings could be identified using preoperative 3D AS-OCT.[@b16-opth-8-767] Therefore, we believe that 3D AS-OCT is useful for devising a strategy for postoperative management of filtration blebs created by trabeculectomy. In our investigation of the characteristics of filtration bleb surfaces and walls, we observed minor tear-fluid-like findings in 3D AS-OCT images related to the surface on or along filtration blebs. However, these findings were not identical to those of the known tear meniscus in terms of their length and localization, and differentiating tear fluid signs from the thin epithelium (and subepithelial connective tissue) on filtration blebs is important in clinical practice.

In this study, we report the clinical characteristics of tear fluid signs on or along filtration blebs, as demonstrated by 3D AS-OCT and newly developed custom software.

Materials and methods
=====================

Assessment of filtration blebs after trabeculectomy
---------------------------------------------------

We included 152 eyes from 130 patients who underwent trabeculectomy with adjunctive use of mitomycin C. This protocol was approved by the Institutional Review Board at Kumamoto University in Japan, and the study was performed in compliance with the tenets of the Declaration of Helsinki. We retrospectively reviewed the medical records of these patients with regard to sex, age, eye laterality, etiology of glaucoma, IOP, history of previous intraocular surgeries, and design of the conjunctival incision for trabeculectomy. Among the 152 eyes, 47 had undergone cataract surgery (phacoemulsification and implantation of an intraocular lens) before trabeculectomy. Trabeculectomy was performed with phacoemulsification in 7 eyes; the remaining 145 eyes had undergone trabeculectomy alone.

The ocular surface and the internal structures of the filtration blebs were assessed by 3D AS-OCT (Casia; Tomey, Nagoya, Japan): ≤10 μm (in tissue) axial resolution, ≤30 μm (in tissue) transverse resolution, 8 × 8 mm (scan type: Bleb) imaging field size, and 30,000 scans/second at an A-scan rate. For this assessment, a patient was asked to look down and the examiner used a finger to gently elevate the upper lid to expose the filtration bleb. The scan area was chosen to include the entire scleral flap and bleb. At least two scanning directions were used for each bleb, as horizontal and vertical rasters, and each raster consisted of 512 scans. We obtained a full 3D image of the filtration bleb using this method ([Figure 1](#f1-opth-8-767){ref-type="fig"}).

Assessment of filtration blebs and the tear fluid sign
------------------------------------------------------

We used slit-lamp examinations and color photography of the anterior ocular segment to evaluate the appearance of blebs and then used 3D AS-OCT to assess internal bleb structures. On the basis of the appearance of blebs in color photographs of the anterior ocular segments, bleb wall transparencies were classified as high, moderate, or low when the scleral flap margin was clearly visible, partially visible, and invisible, respectively ([Figure 2](#f2-opth-8-767){ref-type="fig"}).

We used 3D AS-OCT and the associated software (Casia bleb assessment software, version 4.0L; Tomey) to measure bleb height, fluid-filled cavity height, bleb wall thickness, and intensity (optical density) of the bleb wall. We identified filtration openings by the presence of pits and/or troughs in fluid-filled cavities in both horizontal and vertical rasters, using the corresponding C-scan image of the scleral flap margins in the bleb, as described in our previous study.[@b17-opth-8-767]

We selected a single cross-sectional image for each tear fluid sign, in which we observed the deepest fluid, from complete 3D images consisting of 512 scans. With the aid of the installed software, we measured the characteristics of the tear fluid signs: the thickness of the surface boundary signal, length of the cross-sectional surface, cross-sectional area, cross-sectional circumference, and depth of fluid ([Figure 3A](#f3-opth-8-767){ref-type="fig"}). We also assessed the lower tear meniscus of eight healthy volunteers by measuring the fluid characteristics with the aid of custom software as described earlier ([Figure 3B](#f3-opth-8-767){ref-type="fig"}). Last, we compared tear fluid signs associated with filtration blebs with lower tear meniscus signs.

At least three reviewers evaluated the complete 3D images of the internal structure of the filtration blebs and fluid signs and independently assessed the 3D AS-OCT images. When opinions among the reviewers differed, the majority decision was chosen.

Statistical analysis
--------------------

Numerical data are presented as means ± standard deviations (SD). Statistical analyses were performed using Student's *t*-test or the *χ*^2^ test. *P*-values lower than 0.05 were considered to indicate a significant difference.

Results
=======

Tear fluid sign with filtration bleb
------------------------------------

In 45 (29.6%) of the 152 eyes, OCT images demonstrated tear fluid signs with filtration blebs. These signs occurred on or along elevated and/or bumpy blebs in all 45 eyes. In contrast, eyes with flat blebs showed no tear fluid signs.

We conducted a comparative study of the clinical backgrounds of the patients having eyes with tear fluid signs and those without the signs. In 45 eyes with tear fluid signs, the mean (±SD) IOP value was 11.0±4.9 mmHg, which was significantly lower than that in the remaining 107 eyes without tear fluid signs associated with filtration blebs (16.0±6.6 mmHg; *P*\<0.001). A significant difference was observed for sex of the patients in the two groups (*P*=0.038). In contrast, the two groups showed no significant differences in age, laterality, etiology of glaucoma, previous cataract surgery, or design of conjunctival incision ([Table 1](#t1-opth-8-767){ref-type="table"}).

Color photograph assessments showed that 45 eyes with tear fluid signs had significantly more transparent filtration bleb walls compared with eyes without these signs (*P*\<0.001). In addition, filtration openings on the scleral flap were identified by 3D AS-OCT more frequently in eyes with tear fluid signs than in eyes without tear fluid signs (*P*=0.010). Our quantitative analyses of the internal structures of filtration blebs showed that eyes with the tear fluid sign had more total bleb height (*P*=0.005), more fluid-filled cavity height (*P*=0.046), and lower intensity of the bleb wall (*P*\<0.001) compared with eyes without tear fluid signs. In contrast, no significant difference was observed in bleb wall thickness between the two groups ([Table 2](#t2-opth-8-767){ref-type="table"}). Thus, our qualitative and quantitative studies suggest that bleb appearance is associated with the presence of tear fluid signs. In addition, the highly transparent blebs (15 eyes) in the photo-based classification had bleb walls of lower intensity, as measured by AS-OCT, compared with the other blebs (118.0 versus 148.5 optical density; *P*=0.028), whereas other bleb parameters in AS-OCT images were not different between the groups.

Evaluation of the lower tear meniscus
-------------------------------------

Our 3D AS-OCT measurements in eight healthy volunteers showed that the thickness of the surface boundary signal, depth of fluid, length of cross-sectional surface, cross-sectional circumference, and cross-sectional area of the tear meniscus sign in the lower eyelid (mean ± SD) were 41.4±1.2 μm, 351.5±107.3 μm, 178.8±56.3 μm, 1092.1±395.3 μm, and 39.0±22.1 × 10^3^ μm^2^, respectively. From these observations, we believe these signals to be tear fluid signs with the following criteria: thickness of the surface boundary signal of about 40 μm; smooth and curved (to the tissue side) surface line, similar to a suspension bridge with underlying empty dark space; and localization of the sign on or near the dents and steep skirt on the ocular surface ([Figure 3A](#f3-opth-8-767){ref-type="fig"}).

Comparison of tear fluid sign and lower tear meniscus
-----------------------------------------------------

The mean ± SD thickness of the surface boundary signal of tear fluid signs was 42.3±3.1 μm, which was similar to that of the tear meniscus signs in the eight healthy volunteers (41.4±1.2 μm; [Table 3](#t3-opth-8-767){ref-type="table"}). In addition, the ranges of the values were similar in the two groups (33--48 and 39--43 μm). In contrast, the depth of the fluid, length of the cross-sectional surface, cross-sectional circumference, and cross-sectional area of the tear fluid signs differed among the participants. Statistical analyses showed significant differences only in the length of cross-sectional surface of the tear fluid signs compared with the tear meniscus signs (*P*=0.013), but not for other dimensions, probably because of the large SDs ([Table 3](#t3-opth-8-767){ref-type="table"}).

Discussion
==========

It is well known that maintenance and turnover of tear fluid on the ocular surface are quite important for protecting the cornea and conjunctiva while the eye is open.[@b18-opth-8-767]--[@b20-opth-8-767] This information seems to agree with our clinical experience with glaucomatous eyes that have functional filtration blebs. In addition, Soong and Quigley reported that the most important factor predisposing to dellen formation was poor tear film integrity adjacent to the bleb.[@b21-opth-8-767] Because vulnerability of the ocular surface to inflammatory disorders has been demonstrated in eyes with tear film dysfunction,[@b22-opth-8-767],[@b23-opth-8-767] tear film integrity is hypothesized to also be important for the conjunctiva in glaucomatous eyes with functional filtration blebs because serious visual loss may result from bleb infection and subsequent endophthalmitis.[@b24-opth-8-767],[@b25-opth-8-767] Thus, developing a safe and noninvasive method of assessing tear film integrity in eyes with functional filtration blebs is important. The recent development of AS-OCT has enabled information on internal bleb morphology to be obtained in a noninvasive and safe manner.[@b9-opth-8-767],[@b10-opth-8-767] In the present study, our observations showed that 3D AS-OCT is a safe and useful tool for examining the ocular surface and internal structures in eyes with functional filtration blebs.

We initiated this study because we had some cases with tear meniscus-like AS-OCT findings on and along filtration blebs. Wang et al reported detailed information on tear film and meniscus in human eyes obtained by AS-OCT.[@b26-opth-8-767],[@b27-opth-8-767] They demonstrated a mean tear film thickness of 4.9--6.8 μm that depended on blinking status.[@b26-opth-8-767] Because the resolution of OCT imaging is 10 μm, determining the exact tear film thickness in this narrow range on the central corneal surface is presumably difficult. In fact, to identify tear film on the central cornea by separating signals between the tear film and the corneal surface, Wang et al intentionally increased tear film thickness by means of topical administration of artificial tear fluid.[@b26-opth-8-767] In addition, the mean area of the lower tear meniscus in eyes with normal blinking was 26 × 10^3^--31 × 10^3^ μ^2^,[@b26-opth-8-767] which is in agreement with our measurements immediately after eye opening (39.0±22.1 × 10^3^ μm^2^).

When we compared the tear fluid signs in eyes with filtration blebs with the tear meniscus signs in healthy volunteers, the OCT images showed a similar surface boundary signal thickness of 33--48 μm. This similarity was expected because the surface boundary signal of the tear meniscus and tear fluid signs on the ocular surface are thought of as an artificial line indicating the transition phase of the emission light from the air to the fluid. In other words, we can measure the thickness of the surface boundary signal, but indeed no "thickness" is found in the transition phase on the actual ocular surface. In contrast, other measurements, such as the length of the cross-sectional surface, cross-sectional area, cross-sectional circumference, and depth of tear fluid varied depending on the morphology of the ocular surface.

Our statistical analyses showed significant differences in IOP levels, transparency of the bleb walls, total bleb height, fluid-filled cavity height, and bleb wall intensity in the filtration blebs. These findings also support our hypothesis that the morphology of the bleb is an important factor for determining the characteristics of the tear fluid signs on the conjunctival surface in eyes with elevated and functional filtration blebs. Because bleb appearance is reportedly associated with filtration function in eyes after trabeculectomy, our results in this study were in good agreement with those of previous clinical studies of the surgical outcome of trabeculectomy.[@b2-opth-8-767]--[@b7-opth-8-767]

The existence of the tear fluid sign on or along a filtration bleb may simply indicate retention of the tear on the bleb, depending on the bumpy structure of the filtration bleb. In this model, good IOP control is related to a bleb with bumpy structures, although the precise mechanism is unknown. In contrast, our recent study showed that the presence of transconjunctival oozing phenomena accompanied with a bleb wall of low intensity was associated with a reduction in IOP after trabeculectomy (unpublished data). Conceivably, the tear fluid sign may indicate the occurrence of transconjunctival oozing phenomena on the surface of the filtration bleb, and the existence of the tear fluid sign might relate to reduced postoperative IOP. Interestingly, a highly transparent bleb was observed more frequently in eyes with the tear fluid sign. Presumably, the high transparency reflected a thin and/or low-density bleb wall. Indeed the bleb wall intensity measured by AS-OCT was lower in highly transparent blebs in the present study.

Conclusion
==========

We found tear fluid signs on or along filtration blebs in AS-OCT images, and these signs depended on bleb morphology. In addition, the occurrence of tear fluid signs may be related to the presence of functional blebs, which may thereby control the IOP.
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![(**A**) Photographs (upper left) and vertical (upper right), horizontal (lower left), and C-scan (lower right) three-dimensional anterior segment optical coherence tomography (3D AS-OCT) images. Red and blue lines indicate horizontal and vertical AS-OCT axes, respectively. Yellow lines indicate the Z-axis of the AS-OCT data corresponding to the C-scan image. The green square indicates the scan field (8 × 8 mm). (**B**) Reconstructed 3D image of a bleb.\
**Abbreviation:** CCD, charge-coupled device.](opth-8-767Fig1){#f1-opth-8-767}

![Representative color photos of blebs with bleb walls of high (**A**), moderate (**B**), and low (**C**) transparency. Bleb wall transparencies were classified as high, moderate, and low when the scleral flap margin was clearly visible, partially visible, and invisible, respectively.](opth-8-767Fig2){#f2-opth-8-767}

![Measurements of (**A**) a tear fluid sign on a filtration bleb and (**B**) a tear meniscus sign on a lower lid of a healthy volunteer in three-dimensional anterior segment optical coherence tomography (3D AS-OCT) images. Lower panels show enlarged images of areas in the white boxes in upper panels. We measured the characteristics of the tear fluid signs with the aid of custom software: length of the cross-sectional surface (**a**), depth of the fluid (**b**), thickness of the surface boundary signal (**c**), cross-sectional circumference (**d**), and cross-sectional area. Scale bars, 1 mm.](opth-8-767Fig3){#f3-opth-8-767}

###### 

Clinical data of eyes with and without tear fluid signs after trabeculectomy with mitomycin C

  Variable                          With tear fluid signs (45 eyes)   Without tear fluid signs (107 eyes)   *P*
  --------------------------------- --------------------------------- ------------------------------------- ---------
  Sex                                                                                                       0.038
   Male                             20 (44.4%)                        67 (62.6%)                            
   Female                           25 (55.6%)                        40 (37.4%)                            
  Age, years                                                                                                0.289
   Mean ± standard deviation        67.4±12.3                         64.8±14.6                             
   Range                            41--85                            17--90                                
  Eye laterality                                                                                            0.214
   Left                             26 (57.8%)                        50 (46.7%)                            
   Right                            19 (42.2%)                        57 (53.3%)                            
  Etiology of glaucoma                                                                                      0.920
   Exfoliation glaucoma             13 (28.9%)                        32 (29.9%)                            
   Primary open-angle glaucoma      12 (26.7%)                        25 (23.4%)                            
   Uveitic glaucoma                 10 (22.2%)                        23 (21.5%)                            
   Neovascular glaucoma             5 (11.1%)                         18 (16.8%)                            
   Primary angle-closure glaucoma   3 (6.7%)                          4 (3.7%)                              
   Other types                      2 (4.4%)                          5 (4.7%)                              
  Intraocular pressure, mmHg                                                                                \<0.001
   Mean ± standard deviation        11.0±4.9                          16.0±6.6                              
   Range                            2.0--24.0                         1.0--47.0                             
  Previous cataract surgery                                                                                 0.686
   Yes (pseudophakia)               15 (33.3%)                        32 (29.9%)                            
   No (phakia)                      30 (66.7%)                        75 (70.1%)                            
  Conjunctival flap                                                                                         0.708
   Limbal base                      7 (15.6%)                         14 (13.1%)                            
   Fornix base                      35 (77.8%)                        83 (77.6%)                            
   Unknown                          3 (6.7%)                          10 (9.3%)                             

###### 

Bleb characteristics in eyes with and without tear fluid signs

  Variable                                                With tear fluid signs   Without tear fluid signs   *P*
  ------------------------------------------------------- ----------------------- -------------------------- ---------
  Bleb wall transparency according to color photographs                                                      \<0.001
   Low                                                    10 (22.2%)              43 (40.2%)                 
   Moderate                                               22 (48.9%)              62 (57.9%)                 
   High                                                   13 (28.9%)              2 (1.9%)                   
  Presence of filtration openings                                                                            0.010
   Yes                                                    43 (95.6%)              84 (78.5%)                 
   No                                                     2 (4.4%)                23 (21.5%)                 
  Total bleb height, mm                                                                                      0.005
   Mean ± standard deviation                              1.117±0.457             0.863±0.512                
   Range                                                  0.116--2.122            0.075--2.805               
  Fluid-filled cavity height, mm                                                                             0.046
   Mean ± standard deviation                              0.398±0.365             0.270±0.356                
   Range                                                  0--1.460                0--2.561                   
  Bleb wall thickness, mm                                                                                    0.168
   Mean ± standard deviation                              0.711±0.443             0.612±0.377                
   Range                                                  0.069--1.751            0.075--2.070               
  Intensity of bleb wall, optical density                                                                    \<0.001
   Mean ± standard deviation                              121.73±47.23            156.39±48.03               
   Range                                                  33.31--208.8            29.44--234.6               

###### 

Characteristics of tear fluid signs and lower tear meniscus signs

  Variable                                   Tear fluid signs   Tear meniscus signs   *P*
  ------------------------------------------ ------------------ --------------------- -------
  Thickness of surface boundary signal, μm                                            0.397
   Mean ± standard deviation                 42.3±3.1           41.4± 1.2             
   Range                                     33--48             39--43                
  Length of cross-sectional surface, μm                                               0.013
   Mean ± standard deviation                 769.8±451.3        351.5±107.3           
   Range                                     283--2,235         231--500              
  Cross-sectional area, × 10^3^ μm^2^                                                 0.367
   Mean ± standard deviation                 57.7±57.0          39.0±22.1             
   Range                                     16--357            18--71                
  Cross-sectional circumference, μm                                                   0.092
   Mean ± standard deviation                 1634.6±871.4       1092.1±395.3          
   Range                                     632--4,702         698--1,715            
  Depth of fluid, μm                                                                  0.108
   Mean ± standard deviation                 135.2±71.1         178.8±56.3            
   Range                                     41--458            124--262              
